The practical use of nanoparticle superlattices (NPSLs) which are of great interest as materials with designed functionalities 1-5 is often limited by their lack of structural stability under various utilization conditions. Here, we report a new method for directly synthesizing NPSL fully embedded in hierarchically porous silica which provides exceptional stability and efficient pathways for reactant molecules, making the NPSL highly efficient catalyst 6 . The superlattices made of 12 nm gold nanoparticles exhibit exceptionally high catalytic activity for CO oxidation at low temperature, showing higher activity than that of small gold nanoparticles (ca. 3 nm) supported on metal oxides 7 . The gold NPSL also shows unprecedented stability, maintaining its structural stability and catalytic activity without any signature of degradation over a month of continuous catalytic reaction, which present one significant step forward to realizing the great potentials of gold catalysts in automotive emission control and green chemistry industry.
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In the most of NPSLs reported so far, the superlattices are formed and maintained by the interactions between the organic ligand molecules grafted on the surface of nanoparticles (NPs).
In the drying-mediated method, the ligand-induced inter-particle interactions becomes manifest as the solvent slowly evaporates, inducing the self-assembly of NPs into superlattice in combination with the space filling rules [8] [9] [10] . In the DNA-meditated method, the oligonucleotide-grafted NPs self-assemble into a designed superlattice structure due to the programmable nature of DNA [11] [12] [13] [14] .
The molecular ligand mediated inter-particle interactions or the molecular inter-particle layer, however, can be easily destabilized depending on environmental conditions, making the NPSLs distorted or simply destroyed. For instances, in NPSLs formed by the drying-mediated method,
NPs can be easily sintered at high temperature 15 , and in the DNA-mediated NPSLs, their morphologies are either distorted or lost entirely when they are removed from the aqueous saline solution or heated above the DNA melting temperature 16 . This lack of structural stability of NPSL often limits their practical applications. Especially, the utilization of NPSLs as catalysts, which is the most important area of application for NPs, has been strongly limited since most of catalytic reaction conditions are very demanding for NPSLs to maintain their structural integrity.
In this study, a new facile method to fabricate highly ordered Au NPSL fully embedded in hierarchically porous silica, which show excellent structural stability at high temperature and unprecedented catalytic activity for CO oxidation at low temperature, has been developed. In this method, monodisperse Au NPs functionalized with thiolated poly(ethylene glycol) (PEG) in water are assembled into highly ordered NPSL through condensation of silica precursors with PEG 17 ,
followed by calcination at high temperature to remove the organic molecules (Fig. 1) . The silica matrix provides high structural stability of NPSL and the hierarchically connected meso-and 3 micro-pores in the superlattice provide efficient pathways for fast access of molecules to the surface of Au NPs, making it highly efficient catalyst 6 . The small angle x-ray scattering (SAXS) intensities of Au-PEG-Silica-1 and -2 (before calcination) show distinct reflections including high order peaks which are well indexed with the face-centered cubic (fcc) symmetry, indicating that highly ordered superlattices with the fcc symmetry are formed in both samples (Fig. 2a) . The nearest neighboring inter-particle distances of Au-PEG-Silica-1 and -2 are 19.1 and 21.4 nm, respectively. This shows that the inter-particle distance can be tuned by varying the chain length of thiolated PEG. The SAXS intensities of AuSilica-1 and -2 (after calcination) also show distinct reflections which are essentially the same as those of the samples before calcination, except a small shift to higher q position (Fig. 2b ). This indicates that the morphology of Au NPSLs is fully maintained without any degradation during the calcination at 450 °C, except a small shrinkage which is typically observed in the synthesis of mesoporous silica. The nearest neighboring inter-particle distances of Au-Silica-1 and -2 are 16.3 and 18.5 nm, respectively. Backscattered SEM images of Au-Silica-1 (e) and Au-Silica-2 (f). g, h, SEM images of Au-PEGSilica-2 (uncalcined) (g) and Au-Silica-2 (calcined) (h). i, j, TEM images of Au-Silica-1 (i) and Au-Silica-2 (j) sliced by focused ion beam. 6 The field emission scanning electron microscopy (FE-SEM) images of Au-Silica-1 and -2
show highly ordered superlattices of Au NPs encapsulated with silica ( Fig. 2c -2f ). The (111) and (100) (Fig. 2i, 2j ). The spacings between the (111) planes estimated from these images are 13 and 15 nm
for Au-Silica-1 and -2, respectively, which are consistent with the SAXS and FE-SEM results.
N2 adsorption and desorption isotherms were measured for Au-Silica-1 and -2 ( Fig. 3a, 3b ).
The pore size distributions evaluated from the adsorption curves by using the density functional theory method 20 show clear bimodal distributions, a narrow distribution peaked at ca. 1 nm (micropores) and a broad distribution ranging from 2 to 10 nm (mesopores) (Fig. 3c, 3d ). The It has been well reported that Au NP is catalytically very active for CO oxidation at room temperature when small Au NPs (2 -4 nm) are deposited on reducible metal oxides such as TiO2.
However, Au NPs are not quite active when they are larger than ca. 5 nm or deposited on SiO2 21 .
In contrast to the current knowledge, Au-Silica-1 and -2 which are made of 12 nm Au NPs encapsulated with porous silica (SiO2) show unprecedented catalytic activity for CO oxidation at room temperature. The catalytic activity of Au-Silica-1 and -2 (100 mg for each) for CO oxidation at room temperature was measured under a total gas flow rate of 100 ml/min and a gas composition of 1 % CO, 10 % O2 and 89 % He (Fig. 4a) . Surprisingly, the superlattices showed 100 % conversion of CO to CO2. This is the first demonstration of 100 % CO conversion at room temperature with Au NPs as large as 12 nm which is much larger than typical catalytically active Au NPs for CO oxidation. When the temperature was lowered to ca. -50 °C (cooled by a dry ice jacket), the superlattices still maintained 100 % CO conversion. The CO conversion rate of AuSilica-1 at room temperature was stably maintained at 100 % for more than a month of continuous catalytic CO oxidation reaction (Fig. 4b) . To the best of our knowledge, the catalytic stability of the superlattice is superior than any other catalyst for CO oxidation reported so far. To confirm that the surprising catalytic activity and stability of Au NPSLs in porous silica are valid with smaller gold particles in the sense of the economic feasibility, a superlattice of 4nm Au particles in porous silica (4-Au-Silica) was fabricated and tested for catalytic CO oxidation. 4-Au-Silica also maintained 100 % of CO conversion for more than a month of catalytic reaction (Figure 4b ). The TEM image of the superlattices, after more than 100 hours of catalytic reaction including 4 times of high temperature reactions at ca. 325 °C, clearly shows individual Au NPs without any agglomeration or sintering (Fig. 4c) . This indicates that all Au NPs in the superlattices are stably protected by porous silica shells, overcoming the particle sintering problem of supported Au NP catalysts under reaction conditions which have been a key hurdle for the industrial use of Au catalysts 22 . The 100% CO conversion was fully maintained even when the CO content was increased by 20 times (20% CO, 50% O2 and 30% He, 100 ml/min, Fig. 4d ). During these measurements, the temperature was kept below 25 °C by removing exothermic heat generated by the massive CO oxidation with a dry ice jacket. This is in stark contrast to the current understanding of the particle size and support material effects in heterogeneous gold nanoparticle catalysts for CO oxidation at low temperature 23, 24 . To see how compact and how efficient a catalyst system can be made of the Au NPSLs in porous silica, the space velocity was increased up to 760,000 mL (1% CO, 10% O2 and 89% He) per hour per gram of catalyst for 4-Au-Silica, and the 100 % CO conversion rate was maintained within the whole range of space velocity. This value of space velocity with 100% of conversion rate has never been reached by gold catalysts to the best of our knowledge.
To investigate the origin of high catalytic activity of the Au NPSLs in porous silica, extended
x-ray absorption fine structure (EXAFS) measurements were performed for the superlattices before and after activation for CO oxidation (See Methods). The radial distribution functions obtained from the EXAFS data show that Au-O component is clearly present in the activated Au NPSLs while it is not observed in the Au NPSLs before activation 27 ( Fig. 4f and Fig. S15 ). Since the EXAFS measurements were performed after one month after the activation, the results clearly indicate that fairly stable Au-O chemical bonds are formed. This is very unusual for Au NPs since While the full CO oxidation mechanism in the superlattices remains to be understood, the synthesis method developed in this study provides a new route for designing highly active and stable heterogeneous Au catalysts. Furthermore, the synthesis method can be applicable for other inorganic NPSLs and extended for multi-component NPSLs, providing new opportunities for fabricating ultra-stable metamaterials with tailored properties and their practical applications. Structural analyses. SAXS and EXAFS measurements were carried out using the 4C and 10C
beamlines at the Pohang Light Source (PLS-II), respectively. Field emission scanning electron microscopy (FE-SEM) measurements were performed using Magellan 400 (FEI) at KAIST Analysis Center for Research Advancement and S-5500 (Hitachi) at KBSI Jeonju Center. TEM measurements were performed using a 300 kV FE-TEM (Tecnai G2 F30, FEI), and the samples were sliced using the focused ion beam (Quanta 3D FEG, FEI at KBSI) technique to measure the internal region of the superlattices. N2 adsorption and desorption measurements of the Au NPSLs were performed using Autosorb-iQ (Quantachrome).
Measurement of catalytic activity. Catalytic oxidation of CO with Au NPSLs was performed in a flow reactor which was connected to mass flow controllers (Line Tech) and a gas chromatography (DS Science). The sample (Au-Silica-1 or -2) was loaded in a cylindrical quartz 13 tube filled with quartz wool in the middle. Subsequently, the loaded sample was heated to 350 °C (under a total gas flow rate of 100 ml/min and a gas composition of 1% CO, 10% O2 and 89% He) and cooled down to room temperature. All the CO oxidation measurements were performed after this activation treatment.
